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Abstract. Elastic and plastic anisotropy are believed to play large roles in the dynamic deformation of many materials at
the grain-level. More importantly to polycrystalline materials is how velocity and stress perturbations are transmitted across
interfaces in anisotropic materials. Very little work has been done in this area even though it is mportant for understanding
shock/grain boundary interactions. Therefore, experiments have been performed using nanosecond laser shocks of grown
Nickel Aluminide bicrystals at tens of GPa. Velocity histories were measured along a line on the back (free) surface of the
bicrystals and used to characterize the material behavior. Unstable plastic fow in <100> grains was seen to occur when
loaded above 700 m/s free surface velocity. Flow stresses in <111> and <100> grains were measured to be 2.9 and 3.3 GPa,
respectively. Calculations were performed based on anisotropic elasticity and dislocation motion on primary slip systems
to measure plastic f ow properties where plastic strain-rates on the order of 10°s~! were calculated using the experimental
velocity histories. Def nitive evidence of plastic wave scattering at the grain boundary was not observed experimentally;
however, behavior across the grain boundary has been measured. The observations show that a smooth transition occurs
between the elastic precursors in both grains as well as the plastic waves (when plastic f ow is evident). An anisotropic elastic-
plastic wave scattering model has been developed to explain the mechanisms affecting shock/grain boundary interactions.
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1. INTRODUCTION

When materials exhibiting elastic and plastic anisotropy
are dynamically loaded, different regimes of material be-
havior can be explored depending on the magnitude of
the applied pressure. At pressures up to the elastic limit
of the material, anisotropic elastic wave propagation gov-
erns the behavior, where the velocity of small perturba-
tions is obtained by acoustic theory and the eigenvalues
of the Christoffel tensor [1, 2]. In this regard, Loomis et
al. [3] have established a connection between observed
cracking and the envelope of elastic waves scattered from
grain boundaries in shock loaded NiAl by using the slow-
ness vectors extracted from the inverse of the Christoffel
tensor.

Above the elastic limit a transition region exists where
plastic deformation (dislocation slip, twinning, etc.) oc-
curs and the elastic moduli (most importantly, the bulk
modulus) increase with pressure. The range of pressures
over which this region persists is material dependent.

A number of researchers have studied this regime
through experimental and computational methods. Pais-
ley et al. [4] and Loveridge-Smith et al. [5] have
used Transient X-ray Diffraction (TXD) to measure the
elastic-plastic response of silicon and copper during
laser-induced shock compression. The experiments on
copper have shown it to have almost equal Bragg and

Laue diffraction, which indicates that it undergoes al-
most completely hydrostatic compression when shocked
along [100]. In contrast, silicon displays no change in
Laue signal to surprisingly high pressures when shocked
along the [100] direction, showing it to have a purely
elastic response [5]. Swift et al. [6] made simultaneous
free surface velocity measurements and TXD measure-
ments of shock loaded beryllium. From these experi-
ments, differences in f ow stress in single and polycrys-
talline samples were observed as well as differences in
wave structures where a sharp drop-off in velocity was
found prior to plastic wave arrival in [0001] samples.

To begin to understand the mechanisms of some of the
observed behavior seen experimentally, a number of au-
thors have attempted to model dynamic plasticity. Propa-
gation speeds of plastic wave fronts have been calculated
on a theoretical basis by Craggs [7], Ting et al. [8], and
various other authors under the assumptions of isotropic
elasticity and various plastic constitutive relations. Here
the anisotropic plastic response has been shown to be de-
pendent on the normal to the yield surface. Reddy and
Gultop [9] have also investigated plastic wave speeds
and contributed to research on propagating plastic load-
ing/unloading boundaries for fnite deformations and a
general plastic fow law. A lack of understanding, how-
ever, still remains as far as how the spherical part of the
stress state and the deviatoric part (through which plas-



ticity acts) contribute to the overall material response for
increasing compression up to the overdrive pressure and
full hydrodynamic behavior.

An even lower level of understanding exists for mate-
rial behavior when microstructural defects such as grain
boundaries are introduced into the path of these plastic
waves. Cizek and Ting [10] as well as Jahsman [11] have
approached this problem from the theoretical basis of
what are termed "acceleration waves" where the lowest
order discontinuities across a propagating wave front are
only in the temporal and spatial derivatives of the veloc-
ity and stress. Their analyses were performed only con-
sidering ref ection of elastic-plastic waves from rigid or
free surfaces and relatively simple rate independent hard-
ening laws such as perfect plasticity or linear hardening.
Although the theories posed in these papers are a sat-
isfactory start and valuable insight is gained into basic
plastic wave ref ection behavior, little use can be made
of them when considering real crystalline materials.

Little to no experimental research has been performed
to directly investigate plastic wave behavior in the vicin-
ity of a grain boundary to f1l the shortcomings of theo-
retical research in these areas. For this reason, we have
performed laser shock experiments on bicrystals of the
intermetallic compound Nickel Aluminide (NiAl). An
analysis of the free surface velocity measurements has
been performed as well as simulations of the laser abla-
tion process with a radiation hydrodynamics code . The
next section discusses the methods undertaken to mea-
sure shock/grain boundary interactions in crystalline ma-
terials.

2. EXPERIMENTAL PROCEDURE

NiAl was chosen for these experiments for various
reasons. In particular, it displays elastic and plastic
anisotropy (it plastically deforms on well known slip
planes and directions (primarily {110}<001>) [12, 13,
14, 15]) and it is a stable material to grow in single crys-
tal form. This last property is very important to the sam-
ple preparation aspects of this research. We believed it to
be necessary to have as close to true grain boundaries as
possible as an interface for our samples since processes
such as diffusion bonding can introduce defects and gra-
dients in the material properties not normally found in
real materials thus altering the actual response. For this
reason, bicrystals were grown using standard single crys-
tal growth techniques, as detailed next.

2.1. Bicrystal Growth

Variations in elastic and plastic properties across a
grain boundary was seen to produce localized strain at
the intersection of the grain boundary and free surface
in simulations by Greening and Koskelo [16]. In an at-
tempt to observe similar behavior experimentally, shock
experiments were performed on samples containing two
differently oriented grains separated by an inclined grain
boundary (bicrystal). High purity single crystals of sto-
ichiometric NiAl were supplied by GE Aircraft En-
gines. Two single crystals were cut with a wire electro-
discharge machine (EDM) into half cylinders so that the
cut plane was parallel with the desired crystallographic
plane. One of the crystals had a <110> direction along
the cylinder axis and the cut plane was roughly 9 degrees
from another <110> direction. The second single crystal
had a <100> direction along the cylinder axis and a cut
plane parallel with a <110> direction. These orientations
were chosen so that the resulting bicrystal once cut into
the fnal sample geometry would have a <100> loading
axis in one grain and a <111> loading axis in the other
grain separated by a 45 degree inclined boundary. This
orientation also maximized the difference in longitudinal
elastic wave speed as well as the difference in f ow stress.
A dual halogen optical foating zone unit was used for
bicrystal growth as shown in Fig. 1.
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FIGURE 1. Optical f oating zone unit used for crystal growth

In this technique, the cut planes of the two oriented
single crystals are placed together and set inside a f xture
at the bottom of the unit. A Parallelepiped of polycrys-
talline NiAl is hung from another fxture directly above
the two single crystal seeds and acts as a "feed rod" to
supply material for the growth process. A zone of molten
material is formed by focusing light from the halogen
lamps to a point at the top of the two single crystals.



The feed rod is then brought into contact with the molten
material forming an interface between the single crys-
tal seeds and polycrystalline NiAl. The molten zone is
then moved upwards at about 20 mm/hr relative to the
downward moving seeds and feed rod, which results in
a solidifying bicrystal attached to the two single crys-
tal seeds. The seeds and feed rod are counter-rotated to
stabilize the growth and to create a uniform temperature
gradient around the circumference of the melt. The pro-
cess is completed after the end of the feed rod is reached
or the grain boundary wanders too far to one side. One
bicrystal grown with this technique is shown in Fig. 2.

grain boundary

FIGURE 2. NiAl bicrystal grown with optical f oating zone
technique prior to sectioning

Sections were extracted from this bicrystal by locating
the desired <111> and <100> planes in the two grains
with back ref ection Laue x-ray diffraction. 500 micron
thick sections were cut from the length of the grown
bicrystal so that the <111>and <100> planes were paral-
lel with the sample plane in each grain. The length of the
cuts was about 5 mm resulting in nearly rectangular sam-
ple geometries with dimensions 5 x 7 x .5 mm. The sam-
ples were then polished down to between 160 and 270
microns thick with both sides close to mirror fnishes.
The mean grain boundary inclination was measured at
6 sections along the length of the original bicrystal for
post-shock analysis and simulation.

Orientation imaging microscopy (OIM) was then per-
formed to verify the orientations of each grain. Fig. 3
shows the inverse pole f gure (crystallographic direction
corresponding to the surface normal) in the grain bound-
ary region of one of the polished surface along with the
inverse pole f gure key.

2.2. Laser shock compression

Shock loading experiments were performed using the
JANUS laser at Lawrence Livermore National Labora-
tory. Lasers used for this type of testing are typically ca-
pable of delivering hundreds of joules over ones to tens
of nanoseconds in the form of 527 nm (green) laser light.
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FIGURE 3. Inverse pole f gure map showing the <111> and
<001> orientations of each bicrystal sample

The irradiance delivered to the target was then adjusted
by focusing/defocusing the drive beam to different spot
sizes on the target surface. Temporal pulse shaping was
done to tailor the loading history inside the target. The
shaped pulse was then sent through an array of disk and
rod amplif ers to obtain the desired total energy for each
shot.

Large changes to the ablation pressure were achieved
by adjusting the diameter of the main drive beam while
fner changes were made by adjusting the total energy
prior to each shot. Laser spot sizes were measured fol-
lowing any adjustment to the main focusing lens by mon-
itoring an alignment pulse with a CCD camera. The tem-
poral shape of the drive pulse was approximately ramped
from 70 to 100 % over 10 ns and recorded along with
the total energy during each shot by passing a fraction of
the pulse into a photodiode. The pulse histories for three
shots are shown in Fig. 4.

bx-04-18

Scaled Irradiance

Time (ns)

FIGURE 4. Example laser pulse shapes from bicrystal ex-
periments

From previous experiments and simulations, we found
that the 70-100 % ramping of the drive pulse produces
f at topped pressure profles for 2.4 ns laser pulses. Dif-
f culties were encountered in getting the desired ramped



pulse shapes following large changes to the drive energy,
which produced some unexpected and undesired load-
ing histories as seen in sample bx-04-28 of Fig. 4. These
loadings histories did not appear to drastically alter the
loading as will be shown in the radiation hydrodynamics
simulations and experimental velocity records.

Free surface velocity measurements were made during
each shot using two Velocity Interferometry Systems for
Any Refector (VISAR). Light from an incident probe
laser was refected off the back surface of the target
and then split and fed into each of the VISAR’s. The
interferometers were of the Mach-Zehnder type where
the ref ected light was sent through two different optical
paths one of which contained a delay etalon to shift in
time the light passing through one leg relative to the other
before recombining the two. The interference pattern
was then fed into the slit of an optical streak camera to
record the free surface motion. For these experiments,
we used etalons with different fringe constants for each
VISAR so that one VISAR would record large scale
motion while the other would record small scale changes.
The calculated velocity-per-fringe (VPF) for each etalon
was 497 m/s/fringe and 1238 m/s/fringe so that one
full fringe shift recorded with the streak camera was
equal to 497 m/s and 1238 m/s respectively. A timing
pulse was also fed into one of the streak cameras to
accurately measure the time of shock breakout at the
free surface. Fig. 5 shows a schematic cross-section of
a bicrystal target, laser drive, and VISAR. The statistics

<100> <111>
0 l
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FIGURE 5. Schematic of bicrystal experiments showing

drive laser, grain boundary inclination, and diagnostics

for each shot in the bicrystal series are given in Table 1.
Three sets of bicrystal targets were shot under reversed
directions by which we mean the targets were fipped
so that the propagating shock made a <100> to <111>
transition across the boundary instead of a <111> to
<100> transition. The shock transition for each sample
is shown in table 1 under the column "orientation". In
this column the f rst direction gives the grain in which the
shock was initiated (in the grain boundary region) and the
second direction gives the grain in which the shock was
refracted into after crossing the boundary. It was believed
that differences in plastic wave behavior would occur
due to the transition between a low fow stress <111>

grain and a high fow stress <100> grain. Specif cally,
for different applied pressures we would expect to see
a plastic-plastic transition, a plastic-elastic transition, an
elastic-plastic transition, or an elastic-elastic transition.
The nominally 1 mm diameter probe laser allowed us to
make bulk plastic wave measurements along with grain
boundary interactions.

3. LASER ABLATION SIMULATIONS
USING RADIATION
HYDRODYNAMICS

Knowledge of the actual loading histories was desired for
these experiments so that accurate continuum mechanics
simulations could be performed. However, the physics
of laser-matter interactions is a complex process requir-
ing the use of good radiation hydrodynamics codes. The
code used to simulate the laser ablation in these experi-
ments was Hyades [Cascade Applied Sciences, Inc.].

A 527 nm laser source was used as the applied energy
to one side of a one- dimensional mesh with the opposite
surface of the mesh free. The laser irradiance as a func-
tion of time was inserted in tabular form based on the
in-situ measured laser drive history for each shot. The
Thomas-Fermi ionization model [17] was used to calcu-
late the free electron density and material properties were
specif ed through equation of state (EOS) and Rosseland
(and Planck) group mean opacity tables where the EOS
tables were constructed from frst principles by Swift
[18]. The mesh itself was 80 microns long and consisted
of 300 elements increasing in size toward the free surface
by 2.5 %. The mesh consisted of two regions governed
by two different equations of state. The frst region was
limited to the frst 5 microns from the energy deposition
surface and was modeled by a free atomic gas made up
of an equal number of nickel and aluminum atoms to rep-
resent the ablating plasma and a solid EOS was used to
describe the behavior in the remainder of the mesh. The
simulations were run for 25 ns and the resulting pressure
histories at 5 microns from the energy deposition surface
were extracted and are shown in Fig. 6.

As the graph in Fig. 6. shows, the highest pressures
were confned to about the frst 3 ns in the drive. Fol-
lowing the peak, the pressure dropped to a somewhat
constant level for about 10 ns then decayed somewhat
slowly down to zero. Early time oscillations were en-
countered in the solution and were most likely brought
on by the presence of the plasma/solid interface used
in these simulations, which created an impedance mis-
match and thus ref ections of shock waves back into the
plasma. This interface is not perfect in reality and prob-
ably has a fnite thickness where the properties change
from plasma to solid more smoothly; however, it is nec-



TABLE 1.

Target, laser, and VISAR parameters for each bicrystal experiment (tp=937 ns)

| target | laser | VISAR |

| sample | orientation | thickness (microns) | timing fducial (ns) | spot size (mm) | energy (J) | sweep (ns) |
bx-04-18 | <111>/<100> 165 tot+10 4 308 50
bx-04-28 | <100>/<111> 175 to+10 4 463 50
bx-04-17 | <100>/<111> 165 to+20 4 396 20
bx-04-29 | <111>/<100> 160 to+25 4 397 20
bx-04-1 <100>/<111> 160 to+20 3 414 20
bx-04-25 | <111>/<100> 210 to+25 3 433 20

)
=

(Gpa

pressure

0 2 4 6 8 10 12 14 16 18 20
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FIGURE 6. Pressure histories of bicrystal targets from radi-
ation hydrodynamic simulations

essary in order to model the material behavior in both the
plasma and solid states since a wide ranging EOS is not
yet available for NiAl. The amplitude of the oscillations
decreased with increasing plasma layer thickness. The 5
micron thick plasma layer used in these simulations was
chosen because this value minimized the early time os-
cillations and kept the plasma layer thickness closest to
its true value of about 2 microns (this value corresponds
to the end of the ablation zone in the simulations).

4. ANALYSIS OF FREE SURFACE
VELOCITY MEASUREMENTS

From these experiments, numerous sets of interesting
plastic (and elastic) wave data can be extracted including
orientation dependent precursor velocities, pressure de-
pendent plastic wave and particle velocities, single crys-
tal fow stresses, as well as the grain boundary effects
mentioned above and the overall size of the grain bound-
ary affected zone (GBAZ). In this section we will discuss
some of these results for each shocked bicrystal.

The VISAR record for sample bx-04-18 is shown in
Fig. 7.

In the VISAR records that follow, the horizontal direc-
tion represents the position along the VISAR line on the
back surface of the sample and time advances vertically

FIGURE 7. Line VISAR record for sample bx-04-18

downward. The fringe constant for all records of this type
is 497 m/s/fringe (increasing velocity is a shift to the
right). The bright spot in the upper right hand corner is
the timing f ducial used for measuring shock arrival. A
fringe following algorithm was used to extract actual ve-
locity data by f'tting a cosine function to the maxima and
minima of the static fringe record then manually follow-
ing the moving fringes by selecting many points along
each one. For each VISAR record, graphs have been
constructed showing each of the three regions (bulk of
<100> grain, bulk of <111> grain, and grain boundary
region) separately. These graphs for sample bx-04-18 are
shown in Fig. 8.

From Fig. 8 (a) we see that a free surface velocity
of roughly 500 m/s was achieved in the bulk of the
<100> grain, which equates to 250 m/s particle velocity
after correcting for velocity doubling. No indication of a
plastic wave is found in the bulk of this grain . The <111>
grain on the other hand shows a signif cant increase
in particle velocity around 30 ns after the initiation of
the drive pulse indicating the arrival of a plastic wave
front. The precursor velocity is about 225 m/s (=~ 110
m/s particle velocity), which gives a measure of the
fow stress for <111> crystals. The fow stress can be
calculated from the particle velocity by asssuming a von
Mises yield criterion and uniaxial straining in the shock



(a) bulk motion in <100> grain
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FIGURE 8. Analyzed velocity records for sample bx-04-18 showing various regions of bicrystal

direction. The f ow stress is then calculated by
3 c
Y=z0(1-= 1
2! ( c|2> M

where 011 = 1/2p0|Uf, C|2 :le/p,andC%: K/p The
parameters to be inserted into (1) are given in table 2.
Inserting the wave speeds into (1) gives 2.9 GPa for the
<111> crystal.

A signif cant stress relaxation process took place prior
to plastic wave arrival where the free surface velocity
dropped to about 125 m/s during the transition of the
material into the plastic state. The free surface veloc-
ity then rose to about 300 m/s behind the plastic wave
front. Stress relaxation and precursor decay have been
observed in a number of materials such as LiF [19, 20]
and Aluminum [21]. In these studies the primary fo-
cus was on precursor decay where signif cant reductions
in precursor amplitude were observed over millimeters.
Dislocation nucleation and multiplication and hydrody-
namic decay were given as the primary causes of precur-
sor decay. It appears as though similar mechanisms are
responsible for stress relaxation immediately behind the
precursor the most important being multiplication of dis-
locations by cross-slip. Stress relaxation has even been

observed in quasi-static compression tests of single crys-
tal NiAI [15].

Figure 8 (b) shows the approximate position over
which the grain boundary affected the material response
to the incident shock by plotting the position of the
fringes in the grain boundary region as a function of time.
This shows that a region was affected by the inclusion of
the grain boundary on the order of 200 microns, which is
greater than the roughly 140 micron long boundary trace
on any surface parallel to the free surface. This means
that waves had to scatter upon interacting with the grain
boundary. The scattering process would have resulted in
elastic waves changing direction and thus velocity in a
manner def ned by the elastic constants on either side of
the grain boundary [3]. It appears from the VISAR record
that the region affected by the interaction of the plastic
wave with the grain boundary is about the same as that
of the elastic wave.

Figure 8 (c) has the same color coding as (b), but now
the axes have changed to show velocity inside the grain
boundary affected zone (GBAZ). From graph (c) we see
a rather smooth transition between the precursor in the
<100> grain and both the precursor and plastic wave
front in the <111> grain. This structure can also be seen
in (b). This is to be expected since in the grain bound-
ary region, incident waves traveled partially through the



TABLE 2.

NiAl elastic constants (contracted notation), density and wave speeds

| Elastic constants (GPa) | density (kg/m>) | wave speeds (m/s) |
| Cu | Ci2 | Cu | K | P | e | e | cioo |
| 200.65 | 13323 | 114.48 | 155.7 | 5850 | 5200 | 7220 | 5856 |

fast elastic wave and low fow stress <l11> grain and
partially through the slow elastic wave and high fow
stress <100> grain. The amount in which waves traveled
in each grain varies linearly according to the roughly 45
degree grain boundary inclination.

Sample bx-04-28 was shot at a higher total energy than
sample bx-04-18 to observe plastic wave behavior at a
moderately higher pressure. The VISAR of this sample
is shown in Fig. 9.

FIGURE 9. Line VISAR record for sample bx-04-28

The <111> elastic precursor is seen to arrive prior to
the precursor in the <100> grain owing to the higher
elastic wave speed along the <111> direction in NiAl.
A noticeable plastic wave is again seen in the <I111>
grain. In the <100> grain, we possibly see the onset of
a low amplitude plastic wave followed by release, which
differs from sample bx-04-18. This wave structure can
better be seen in the graphs of Fig. 10.

Graphs (a) and (d) of Fig. 10 show a 4 to 5 ns differ-
ence in precursor arrival times in the bulks of each grain.
The free surface velocity behind the <100> precursor is
about 525 m/s ( 260 m/s particle velocity). The free sur-
face velocity then rises to about 575 m/s according to
fringes in the bulk. The free surface velocity behind the
plastic wave front in the <111> grain rises to about 425
m/s, which is signif cantly higher than sample bx-04-18.
In the grain boundary region, a similar transition to that
of sample bx-04-18 is seen between the bulk behaviors
of the two grains.

The free surface velocity record of sample bx-04-17 is
shown in Fig. 11. This sample was shot under reversed
loading with respect to sample bx-04-18 for the reasons
discussed in section 2. The frst difference we see in

the VISAR records for each of these samples is that
bx-04-17 shows a large velocity gradient between two
bright fringes near the intersection of the grain boundary
region and the bulk of the <100> grain in the form
of a dark circular region. This region is clearly seen
between the light blue and yellow curve in graphs (b)
and (c) of Fig. 12. This signifes a very large velocity
difference between two locations on either side of the
grain boundary where it meets the free surface. These
large spatial variations in velocity arise at this particular
time because the particle velocity in the <100> grain is
equal to the large precursor amplitude of 300 m/s and just
on the other side of the boundary it is equal to roughly
100 m/s since the <111> plastic wave has yet to arrive.

Another interesting difference between the free sur-
face velocities of this sample and bx-04-18 is that the
structure of the precursor in the grain boundary region of
this sample has a much more gradual slope whereas the
same region in bx-04-18 shows a very steep slope. It is
unclear if this structure is real or just an artifact of the
interferometer due to the fringe shift direction being in
the direction towards or away from increasing velocity
in the spatial direction. Unfortunately, the streak camera
triggered too early so later time behavior was missed.

Sample bx-04-29 was shot under load reversal with re-
spect to sample bx-04-28. The VISAR record for this
sample is shown in Fig. 13. Similar differences in the
VISAR records of samples bx-04-29 and bx-04-28 as
those of samples bx-04-17 and bx-04-18 such as the gap
between two successive bright fringes near the intersec-
tion of the <100> grain and the grain boundary region.
These gaps are seen in both samples bx-04-28 and bx-
04-17 and not in bx-04-29 or bx-04-18. Figure 14 shows
the free surface behavior in velocity-time and position-
time space.

Graph (b) of Fig. 14 shows what is obviously an
artifact of the interferometer where the precursor in the
grain boundary region appears to move backward in
time. The cause of this behavior comes from fringe shifts
in the direction of large spatial gradients in velocity.
The bulk behavior in this sample is similar to that of
the previous samples, as expected, since these samples
were shot under similar conditions with only moderate
differences in total drive energy and small differences in
sample thickness. Under these conditions, we seem to be
on the verge of observing a <100> plastic wave on the
back surface. In an attempt to study <100> plastic wave
behavior, the next set of samples were tested at much



(a) bulk motion in <100> grain
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FIGURE 10. Analyzed velocity records for sample bx-04-28 showing various regions of bicrystal
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FIGURE 11. Line VISAR record for sample bx-04-17

higher irradiances and thus higher pressures.

Sample bx-04-1 was the frst of these higher pres-
sure samples and its corresponding free surface velocity
record is shown in Fig. 15. A def nite wave structure can
be seen behind the precursor in the <100> grain, which
appears rather jagged in comparison to the <111> struc-
ture. The average behavior behind the <100> precursor
does result in a plastic wave with a peak free surface

velocity of around 1200 m/s as shown in Fig. 16. The
<100> precursor amplitude is roughly 700 m/s (350 m/s
particle velocity) , which from eq. (1) results in a fow
stress of 3.3 GPa. The behavior behind the <100> pre-
cursor is a very interesting result. This appears to be the
only region in which a smooth transition from elastic
to plastic behavior did not occur. Instead, the material
responded with several sharp transitions to higher ve-
locity until it reached a maximum. These sharp transi-
tions most likely correspond to the "kinking" mechanism
known to occur in quasi-statically loaded <100> NiAl
single crystals [12, 13, 14]. Since the primary slip direc-
tion in NiAl is <001> the Schmid factor for the primary
slip system goes to zero as the <100> loading direction
is approached, however for slight variations from <100>
loading, the critically resolved shear stress for the pri-
mary system may still be lower than for any secondary
systems. In this case, the resolved shear stress on the pri-
mary system can build up until it reaches the critical level
where the stress will then be relieved in a quick burst of
dislocation motion. This process will then repeat itself
periodically.

It does appear that some stress relaxation occurred
immediately behind the <100> precursor although not
to the extent of the <111> grain. The ringing appears
to frst be perturbations on top of this stress relaxation
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FIGURE 12. Analyzed velocity records for sample bx-04-17 showing various regions of bicrystal

660 um

FIGURE 13. Line VISAR record for sample bx-04-29

where it then dominates the behavior once the particle
velocity begins to again rise to its peak. The "ringing"
also does not appear to be uniform across the <100>
grain. This behavior differs signif cantly from the <111>
grain where steady plastic f ow occurred throughout the
deformation process following the precursor. In the grain
boundary region, there appears to be a transition between
both the bulk precursors and the bulk plastic waves.

The magnitudes of the precursors do not seem to have
a linear relationship with position (or time) across the
grain boundary region as seen clearly in Fig. 16 (c).
Near the <111> grain, the precursor amplitudes increase
slowly until the <100> side is approached where a much
sharper increase is found. The transition between the
plastic waves is subtler than the transition between the
precursors. The plastic wave transition appears to behave
differently than that of the precursor transition where the
time between the precursor and the plastic wave front
is shortest about where the precursor transition begins
on the <100> side (about at the fringe that starts at 550
microns on Fig. 16 (b)). On either side of this point, the
time between the precursor and the plastic wave front
increases.

Sample bx-04-25 was shot under similar conditions to
that of bx-04-1 except this sample was about 50 microns
thicker. The VISAR record for this sample is shown in
Fig. 17.

The added thickness of this target seems to have been
enough to smooth and diminish the plastic "ringing"
observed in bx-04-1 through plastic and hydrodynamic
decay since only a slight plastic wave is visible. A similar
transition to that of sample bx-04-1 between the bulk
plastic wave behavior of the <100> and <111> grains is
seen clearer in this sample as Fig. 18 shows.
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FIGURE 14. Analyzed velocity records for sample bx-04-29 showing various regions of bicrystal

700 um

FIGURE 15. Line VISAR record for sample bx-04-1

Sample bx-04-25 appears to contain some grain
boundary effects closer to the bulk of the <100> grain in
the form of possible scattered plastic waves since a dis-
turbance can be seen originating behind the precursors
in the grain boundary region, which propagates to the
left as time increases.

5. ANALYTICAL REPRESENTATION
OF ELASTIC-PLASTIC WAVE
PROPAGATION IN SINGLE
CRYSTALS

To model grain boundary interactions in elastic-plastic
wave problems goes beyond the scope of the current pa-
per due to the fact that the problem is inherently un-
steady in time and space and requires signif cant mod-
eling (possibly numerical) efforts to treat the evolv-
ing scattering problem. Here we will only focus on the
bulk response and retain the single crystal plasticity na-
ture of the problem. Johnson [22] was the frst to treat
anisotropic elastic-plastic wave propagation using the
kinematics of slip. Some approximations were used in
that paper including isotropic elasticity and the use of
a constant resolved shear stress throughout the defor-
mation. The basic characteristics of elastic-plastic wave
propagation were displayed such as the development of
shear components due to anisotropic plasticity given an
initially longitudinal disturbance. In this section we de-
rive relatively simple relations to model the anisotropic
behavior observed in the bulk of the VISAR records dis-
cussed in the previous section.

Under the assumption of small strain kinematics, the



(a) bulk motion in <100> grain

1400
1200
1000
800
600
400
200

velocity (m/s)

-200

24 26 28 30 32 34 36 38

time (ns)

(c) motion in grain boundary region

1400
1200
1000
800
600
400
200

velocity (m/s)

-200

24 26 28 30 32 34 36 38

time (ns)

(b) motion in grain boundary region - position offset

1100 T T T T T T
1000
900

= —

24 26 28 30 32 34 36 38

position (microns)

time (ns)

(d) bulk motion in <111> grain

1200 T T T T T T
1000
800
600
400
200

velocity (m/s)

2200 I I I I I I
24 26 28 30 32 34 36 38

time (ns)

FIGURE 16. Analyzed velocity records for sample bx-04-1 showing various regions of bicrystal
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FIGURE 17. Line VISAR record for sample bx-04-25

additive decomposition of the strain-rate tensor is given
by

. . . 1

&j = &+ & = 5 (M +Vii) )

where Vi is the velocity gradient. The relaxation of
elastic deformation by plastic f ow is described by

oij =Giu (8- &) 3)

where Gij is the elastic stiffness tensor. Following Hill
[23] and Janssen et al. [24], the gradient of a feld in the
neighborhood of a propagating hypersurface can be put
in terms of the propagation velocity of the surface, the
time derivative of the feld, and the normal to the surface
as

1
[vi,j| = =5 il @

where |- | represents a jump in that quantity. Eq. (4)
can be used in general for all rank tensors including
the velocity and stress tensor. The equation of motion
across the hypersurface in terms of time derivatives only
is given by

|65 mj + pefui| =0 )
Assuming jumps in all felds, we now drop the | - | nota-
tion. Inserting eq. (3) into eq. (5) we arrive at

Giju (80 — &7) nj+pcvi =0 (6)

and f nally by inserting the kinematic relation (2) into (6)
and using (4) to operate on the total velocity gradient, we
arrive at

(Gijunyn — pS &) Wi+ Gijéinic =0 (7)

where n is the wave normal (given as a function of two
angles in spherical coordinates). Eq. (7) reduces to the
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FIGURE 18. Analyzed velocity records for sample bx-04-25 showing various regions of bicrystal

standard anisotropic elastic wave equation when the plas-
tic strain-rate is zero. This equation relates the accelera-
tion of material points and wave speed for arbitrary di-
rections in the crystal and a plastic strain-rate. The accel-
eration is related to the stress-rate through (5) and can be
taken to be arbitrary or measured from a VISAR record.

The real question at hand is how plastic fow and slip
hardening affect elastic-plastic wave propagation in real
crystals. Two common forms of rate-dependent plastic
fow laws are based on the velocity of mobile disloca-
tions [22] and power-law hardening [25]. Both of these
forms provide a shearing rate on an operative slip plane
in the slip direction. The shear strain-rate can be rotated
from the slip system basis (typically, the principal axes
of material symmetry) to the coordinate system of the
problem. The total strain-rate tensor in the problem coor-
dinates will be a sum over slip systems of the individual
strain-rates as

wz%%%% ®)

The plastic strain-rate tensor in the coordinate system
of each slip system has as its non-zero components half
the shear strain-rate on the slip plane in the slip direction.
The shearing-rate on individual slip systems is driven by
the resolved shear stress on those slip systems, which can

be calculated from a VISAR record by multiplying the
measured longitudinal stress by the Schmid factor. For a
[111] loading direction in NiAl the slip system with the
highest Schmid factor is the {110}<001> system, which
has a Schmid factor of .47. The longitudinal stress at the
elastic limit was calculated from the VISAR records for
the [111] grain as 4.75 GPa resulting in a resolved shear
stress at the moment of yielding of 2.23 GPa for primary
slip. It is diff cult to perform a similar calculation for
the [001] grain since we do not know exactly what slip
system(s) were active. We could in theory repeat the
calculation for all points behind the precursor to obtain
the resolved shear stress as a function of time; however,
with increased plastic f ow comes increased off-normal
loading.

It is conceivable that eq. (7) could be used to obtain
plastic f ow data from velocity records by measuring the
free surface velocity and wave speed continuously dur-
ing an experiment and then using this data to calculate
the plastic fow and hardening parameters. This would
require multiple experiments along different loading di-
rections. It would also be possible to evaluate a given
plastic fow law by comparing the solution of (7) to a
given experiment.

As a simplifed solution to obtaining all plastic fow
parameters, we attempt to calculate a single plastic shear-



strain rate of the primary slip systems for shock loading
along <111>. In this direction, there are 3 independent
slip systems all with equal Schmid factors, which slip
with 3-fold symmetry about the <111> direction. The
grain orientation and slip systems are given in table 3.
In table 3, the X; direction is the loading direction for

TABLE 3. Grain orientation and slip systems
used in [111] shock calculation

| | x| % | % |
| grain orientation | [111] | [112] | [T10] |
[001] | [110] | [T10]
slip systems [100] | [011] | [O11]
[010] | [101] | [101]

the grain and the slip direction for the slip systems. X; is
a perpendicular in-plane direction in the VISAR records
for the [111] grain and is the slip plane for each slip sys-
tem. X3 was chosen as to make an orthonormal basis for
each. For arbitrary directions, the slip systems are rotated
and summed using eq. (8) where the only non-zero com-
ponents of ég are the X; X and X;X; components, which

both equal y/2 for all slip systems given the symme-
try. To simplify the calculation, the stiffness tensor and
the plastic strain-rate tensor are rotated into the coordi-
nate system of the grain given in table 3. In this coordi-
nate system we take n = {1,0,0} and v = ||V||n where
the magnitude of v is obtained from the VISAR record.
Immediately behind the precursor, a deceleration occurs
over about 3 ns approximately equal to 2.5¥10~° m/s?,
which is obtained by taking into consideration the veloc-
ity (and acceleration) doubling from the VISAR records.
The wave speed in this region can be calculated from the
VISAR record based on the precursor speed and the time
of arrival to be roughly 6500 m/s. Using these values,
we obtain ¥ = 7.3 % 10°> s~!. Plastic strain-rates calcu-
lated in this way are probably more relevant to regions
in the plastic wave in which the acceleration is positive.
As the VISAR records in this research have shown, the
<111> grains have exhibited stress relaxations (deceler-
ation), which may be due to other mechanisms not cov-
ered in the above calculation. By applying the above cal-
culation to the steap accelerating region of the VISAR
records, we fnd that an acceleration of 1.95%10'0 m/s?
(halved from VISAR record) and a wave speed of 5230
m/s lead to y = —1.7x 10% s~

Previous research [19, 21, 26] has primarily focused
on precursor decay rather than stress relaxation processes
behind the precursor. Precursor amplitude decay and
stress relaxation behind the precursor may, however, be
related. Two of the primary mechanisms of stress relax-
ation are believed to be nucleation of defects in the pre-
cursor and multiplication of dislocations by cross-slip,
which neither of are considered in the above formalism.
In the present study homogeneous nucleation of disloca-

tions could be responsible for the stress relaxation im-
mediately following the precursor since this appears to
be the region of highest plastic strain-rate. Following the
minimum in the velocity curve, a much smoother rise to
the peak velocity is observed. This is the region where
plastic f ow by conventional slip is believed to be taking
place and is likely to obey eq. (7).

6. CALCULATIONS OF ANISOTROPIC
ELASTIC-PLASTIC WAVE
SCATTERING AT GRAIN

BOUNDARIES

In this section we expand the scope of the equations
derived in the previous section to treat the problem of
elastic-plastic wave scattering in crystalline solids. The
formulation of the problem is kept as general as pos-
sible by considering full anisotropic elasticity with the
addition of plastic fow on all possible slip systems (in
NiAl). Since there is very little previous work treating
anisotropic plastic wave scattering, we attempt to build
from the anisotropic elastic wave scattering theory put
forth by Musgrave [1] and Auld [2]. In developing this
model, we soon fnd out that a different solution tech-
nique from that of the elastic theory must be used since,
with the inclusion of crystal plasticity, there is a depar-
ture from the eigenvalue problem of anisotropic elastic-
ity. The elastic theory does remain useful in guiding us
to the correct trends in the scattering behavior.

We begin by assuming that both quasi-longitudinal
(QL) and quasi-shear (QL) waves exist (except in excep-
tional cases) where the def nition of quasi is taken from
anisotropic elasticity theory to mean that, in general, the
polarization (particle motion) points in a different direc-
tion than the wave normal. We also assume the incident
state is at initial yielding meaning the elastic precursor
has already moved past and there is no time or space evo-
lution (i.e. the conf guration is steady). For this work, we
conf ne ourselves to two-dimensional scattering so that
the polarization and wave normal of all waves are con-
tained in a single plane. We will f'nd later on that, much
like in the elastic theory, the two-dimensional assump-
tion is valid only for certain orientations.

The governing (vector) equation is still eqn. (7), which
remains valid for all waves. A schematic representation
of the problem we wish to solve is shown in Fig. 19. Here
we take

n = SingCosBi + SnBSngj + Cospk )

where 0 represents the angle in the xy-plane. It is taken
as 11/2 or 311/2 for grain 2 and grain 1, respectively.
We impose the continuity condition that the phase speed



FIGURE 19. Schematic of elastic-plastic wave scattering model

along the boundary is equal for all waves

CRL,RS _ CTLTS
S’n(90 — (n?L,RS) S'n(90 — qOI'L,TS)
Cinc
Sn(90 — @nc) (10)

Here, the subscripts represent ref ected longitudinal, re-
fected shear, transmitted longitudinal, and transmitted
shear waves. The orientation of the two grains is given
in Fig. 3. The stiffness tensor in lattice coordinates was
rotated into the grain boundary frame for each grain us-
ing Gj = RaRjpRkcR dCabed-

The main diff culty in this formulation arises from
the plastic fow, which, if we assume plastic fow by
dislocation motion, prevents the problem from being one
where the solutions are eigenvalues. For this reason, we
must fnd a different method of solution, which will be
discussed shortly.

The plastic strain-rate tensor is made more general
here than in the previous section by putting it in terms
of the symmetric part of the Schmid tensor

ép_%%¢ﬁ>(b®m+m®b) (1)

This plastic strain-rate tensor is then rotated into the
problem coordinates of the grain boundary so that eqn.
(7) may be used. The slip planes and vectors used in eqn.

TABLE 4.
NiAl

| slip vector | slip plane |

(017)
[100] (011

Available slip systems in

[010] (101

[001] (110

(11) are given in table 4. The y for each slip system is
often given in terms of a rate sensitivity parameter as
in [25]. Here we have neglected this form knowing that
the same procedure could be used for different plastic
constitutive relations and simply used the form

. LT
V<B> B aTCZS; (12)

where a is the shearing rate at initial yielding (taken to
be 1*¥10° s7!), a subscript RSS represents the resolved
shear stress on a slip system, and CRSS represents the



critically resolved shear stress on a slip system. In cal-
culating the y*#), we have allowed for both forward and
backward slipping by taking the sign of the Schmid fac-
tor. In most crystal plasticity formulations, the critically
resolved shear stress will vary with deformation accord-
ing to some hardening law. In keeping with the steady-
state nature of this model, we assume the hardening to
be nonexistent and simply take Tcrss to be 2.23 GPa as
given in the previous section. The resolved shear stress is
given by

Trss = 0 * SF. (13)

where 0 (= 1 initially) is the magnitude of stress and
S.F. is the Schmid Factor. The load (unit) vector used
in calculating the Schmid factor being parallel to the
particle acceleration (and traction) vector by eqn. (5) is
taken to be a function of the angle a. By doing this, we
can put &P in terms of the angle a, which is a key part
of the solution technique discussed below. Figs. 20 and
21 show how the Schmid factors vary with direction in
the [001] grain and [111] grain respectively where [001]
is grain 1 in Fig. 19. From the form of the curves in
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FIGURE 20. Variation of Schmid factors with respect to
loading direction for the [001] grain
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FIGURE 21. Variation of Schmid factors with respect to
loading direction for the [111] grain

Figs. 20 and 21 we can make a few observations about
the directionality of plastic f ow in each grain. Firstly, for
the [001] grain, the plastic strain rate tensor only has non-
zero components, which are equal and opposite, in the yy
and zz positions. This arises due to the fact that two pairs
of slip systems cancel each other as can be seen from Fig.
20 leaving only two equivalent systems to control plastic
f ow in the plane. This differs signif cantly from the [111]

grain where all plastic strain-rate tensor components are
non-zero resulting in much less constrained behavior
when we calculate the particle acceleration vector.

The governing equation that we are using, eqn. (7),
represents a circular argument since in order to solve it
we need to know 0 and the direction of the load vector
given by a. We circumvent this problem by setting @
initially to 1 and stepping over discrete values of a from
0 to T for single discrete values of @. (The a’s n and
n+1T produce the same solution.) The angle @ is then
looped over from 0 to 77/2. Furthermore, since we are not
currently interested in looking for all possible solutions
of varying wave normals, acceleration vectors, and wave
speeds, we can use eqn. (10) in place of ¢ in eqn. (7),
which makes c a function of @, to only look for solutions
that satisfy eqn. (10). The acceleration vector (for each
wave) is then calculated by

V= — [Ciakbl’lal’lb — Pczdk] - Cidet €§f NgC (14)

A valid solution is when V/||V|| points in the same di-
rection as the o used to calculate it. Since O is simply a
scalar that can be factored out (or set to unity), it does not
change the determination of the direction of the acceler-
ation vector, only its magnitude. Also, we look for both v
and —V solutions since the sign of ¢ will reverse the di-
rection of the calculated acceleration vector. In order to
fnd both QL and QS waves, we have made the classif ca-
tion that a QL wave is one where the acceleration vector
is within +45° from the wave normal and a QS wave is
one where it is greater than 45° from the wave normal.
Finally, we ref ne the step size in both a and @ until the
calculation converges onto solutions that satisfy a con-
straint, namely when the vector def ned by o is within a
small angle of the calculated solution, v/||V||.

For these calculations, we def ne the incident wave to
be in grain 2 and to have a 0 of 5 GPa (compressive) and
wave normal and acceleration vector to both be pointing
in the [111] direction. By eqn. (14) we calculate the wave
speed for these values to be 7000 m/s. This is a higher
velocity than expected (or measured) most likely due to
the fact that in reality, the acceleration vector probably
does not point exactly in the [111] direction. We found
that if we used the measured value of 5230 m/s for
the incident plastic wave velocity, considerable out-of-
plane acceleration vector components arose. To keep the
calculations two-dimensional, we have used 7000 m/s for
the incident wave velocity and assumed that the other
wave speeds in the calculation would be high since they
are based on this value.

Leaving the scattering problem for a moment, one im-
portant aspect of the general anisotropic elastic-plastic
behavior is to f nd how the wave speed, particle accelera-
tion, and wave normal depend on each other. To f'nd this
behavior we decided to vary the wave speed within each



a (and thus @). For a single a we found that in the <100>
grain, the wave speed increased with increasing of. Some
angles of the acceleration vector did not give a solution
for any wave speed. At larger wave normal angles, the
increase in wave speed with o was more rapid. More
study concerning these dependencies is required includ-
ing the dependence of applied stress on wave speed,
which should add an additional level of diff culty.

Returning to the scattering problem, by stepping
through o for each @, we f nd that multiple solutions may
exist for a single incident wave state. This is initially dis-
concerting, however, since we are not yet imposing (or
determining) the stress jump across each wave (which
could be compressive or tensile in nature) it could be that
some solutions represent elastic solutions and some rep-
resent continued plastic deformation.

Specif cally, we fnd for both grains that low wave
normal (fast wave) solutions exist for both QL and QS
waves, which would be representative of elastic waves.
For grain 1 ([001]), the wave normals for low angle
QL waves point inside of about 20° from the boundary
and for grain 2 they point inside about 30° from the
boundary. Low angle shear waves also exist and occur
near 40° in grain 1. For grain 2, the low angle shear
waves appear to be very near the longitudinal ones. In
the case of grain 2 only, for higher angle wave normals
and acceleration vectors, increasingly large out-of-plane
components develop for particle motion, which increases
our error in assuming a two-dimensional problem. We
have set a bound on the magnitude of the out-of-plane
component before we begin to ignore these solutions.
This is probably the main reason the low angle QS waves
are very near the low angle QL waves for grain 2.

High angle wave normal solutions exist as well and
occur near 53° and 75° for QL and QS waves in grain 1,
respectively. For grain 2, only high angle solutions exist
for QL waves given the constraint set on out-of-plane
motion. This angle being 48° from the boundary.

For both grains 1 and 2, the acceleration vectors asso-
ciated with the low angle solutions point in the same gen-
eral direction as the wave normal where as the high angle
solutions point towards the opposite direction. Remem-
bering that we used a value of 1 for o, if the calculated
O is negative, then the actual acceleration vector will be
in the opposite sense as that calculated in the above.

To fnd the true conf guration including angles, ve-
locities, and stresses behind all refected and transmit-
ted waves, we must use the conditions of equivalence of
acceleration and traction-rate across the grain boundary.
The conditions at the boundary are summarized as

Tinc [V[inc + Oras[Vrgs + Orq [Vlrg
= thslvltqs+ Otql |V|tql

(15)

and

TincCinc |Vinc + OrqsCras |V|rqs+ Orqj Crql |V|rql
= OtsCigs [Vigs + Otai Cial [Vlig (16)

where subscripts inc, rql, rgs, tql, and tgs represent in-
cident, ref ected quasi-longitudinal and shear, and trans-
mitted quasi-longitudinal and shear. Note that the density
has dropped out of eqn. (16). Eqns. (15) and (16) are four
conditions (in two-dimensions) that can be solved for the
four stress magnitudes of the refected and transmitted
waves. These are actually the magnitudes of the stress
jumps and not absolute values since they come from the
jump in yAP).

Since we have (presumably) two possible solutions for
each wave we need to look at a few possible combi-
nations of these solutions to determine the correct one.
For simplicity, assuming the QL and QS waves have the
same behavior within each grain, we will look at four
conf gurations. These conf gurations fall under the fol-
lowing categories: elastic-elastic, plastic-elastic, plastic-
plastic, or elastic-plastic transitions from grain 2 to grain
1. When looking at possible elastic-elastic and plastic-
elastic transitions, we immediately f nd that the predicted
stresses are two orders-of-magnitude too high from the
value we gave to the incident wave (5 GPa). Also, since
for elastic (release) waves, the acceleration vector asso-
ciated with each should point in the opposite direction
of the wave normal, which they do not in the case of
the elastic-elastic conf guration. In the case of the plas-
tic to plastic transition, the acceleration vector for grain
2 points in the direction of tension, which again would
signify an elastic release wave instead of a compressive
plastic wave.

The elastic to plastic transition appears to be the only
one that adheres to the expected properties of scattered
elastic and plastic waves. The elastic RQL wave has a
magnitude of 2 GPa and points in the direction of tension
205° from the z-axis. The TQL wave has a magnitude
of 9 GPa and points in the compressive direction 56°
from the z-axis in the -a direction. The effect of the
QS waves are more diff cult to understand since they
cannot immediately be shown to be in one direction or
the opposite based on whether the wave is elastic or
plastic.

7. DISCUSSION AND CONCLUSIONS

A number of results may be deduced from the above
VISAR data as already shown with the f ow stress (3.3
and 2.9 GPa for <100> and <11 1> crystals respectively).
The velocity profles in the bulk of the <I111> grain
showed a smoothly varying rise (following stress relax-
ation) to the peak velocity in the plastic wave. For the



few samples shocked above the elastic limit in the <100>
grain, unstable <100> slipping was observed in the form
of a jagged rise to the peak velocity. This appears to be
nice evidence that the "kinking" mechanism observed in
quasi-statically loaded <100> NiAl single crystals is still
active under shock conditions.

Depending on whether or not one or both grains was
shocked above the elastic limit, various lateral transi-
tions across the grain boundary were observed from the
VISAR records, which connected the elastic precursors
and plastic waves. These transitions were mostly smooth
and arose due to the (linearly) increasing amount of time
that the precursor spent in one grain relative to the other
as it propagated through the thickness. VISAR records
showing plastic waves in both grains also show a similar
transition between the plastic wave fronts, which were
slightly harder to detect.

Extreme velocity gradients were observed across the
point where the grain boundary intersected the free sur-
face on the <100> grain side. These velocity gradients
persisted from the time of arrival of the <100> precursor
until the <111> plastic wave arrived in the grain bound-
ary region. This is also tells us why these large gradi-
ents formed since at this time we have large particle ve-
locities in the <100> precursor and immediately adja-
cent to these points across the boundary, we have plas-
tic fow occurring due to the <111> orientation, which
has a considerably lower particle velocity as seen by
the VISAR records. Elastic-elastic, plastic-elastic, and
plastic-plastic transitions were expected to occur across
the grain boundary, although clear evidence of these tran-
sitions could not be seen in the VISAR records.

Calculations were performed to extract plastic strain-
rate data on specif ¢ slip systems using free surface ve-
locity data. The derived equations seem to be best suited
for regions of acceleration behind the precursor other-
wise they predict that the plastic strain-rate will reverse
sign if stress-relaxation is present. The stress-relaxation
region is probably better described by a dislocation nu-
cleation and/or multiplication model. Measurements of
in-plane velocities would allow an improved prediction
of additional plastic f ow properties.

The region affected by the presence of the grain
boundary was shown to be larger by tens of pm than
the projection of the boundary on the free surface. This
appears to be evidence of elastic-plastic wave scattering
off of the inclined boundary. A model was developed to
treat this problem considering full crystal elasticity and
plasticity. Two sets of solutions were found to be possi-
ble for each wave, one corresponding to an elastic wave
and one corresponding to a plastic wave. The two solu-
tions for each wave occurred at low wave normal angles
(relative to the boundary) characteristic of a fast moving
elastic wave and at high wave normal angles character-
istic of a slower moving plastic wave. For this model,

we assumed that the state ahead of the incident wave is
on the yield surface so that all elastic waves must corre-
spond to release waves and scattered plastic waves must
be associated with an additional jump in stress and parti-
cle acceleration in the direction of the propagating wave.
For the case of an incident wave propagating along a
<111> direction contained in a 110 plane and scattering
off a 45° inclined boundary separating a <100> shock
direction grain, we fnd that the model predicts ref ected
elastic release waves and transmitted plastic compression
waves.

We found that greater errors are introduced due to our
two-dimensional approximation for higher wave normal
and acceleration vector angles since at these high angles,
out-of-plane components must arise in the <111> grain.
Furthermore, we only considered four possible conf gu-
rations: elastic-elastic, plastic-elastic, plastic-plastic, and
elastic-plastic for the refected and transmitted states
across the boundary. It is very likely that the states be-
hind a QL and QS wave may not be the same, which
we did not consider. This will require coming up with a
more eff cient way to look at all possible combinations
to choose the correct one. We could not repeat the same
calculation for <100> to <111> transitions across a grain
boundary due to the fact that, plastic waves cannot be
propagated in the <100> direction in NiAl unless there is
another mechanism available for plastic f ow.
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